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It is shown that a chiral SU(2) model can break Lorentz symmetry spontaneously at the La-
grangian level when gauge bosons become massive. This model seems to propose the principles and
conceptual foundations leading to a unified picture of fermions, and may reduce the standard theory
to a far simpler form. The model suggests describing leptons and quarks as quasi-excitations, while
electromagnetic and strong interactions as secondary interactions mediated by Nambu-Goldstone
bosons originating from spontaneous violations of global SU(2) and rotational symmetries. Both
the possibility of observing Lorentz-violating phenomena and their magnitudes are discussed. The
model also provides an alternative scenario for baryon and lepton asymmetries of the Universe.
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I. INTRODUCTION
Though there are various fermions observed in nature,
we do not yet have a satisfactory explanation for the vari-
ety. Evidently, the variety of fermions relates to the vari-
ety of forces. However, any grand unified theory has not
yet succeeded in clarifying enough the underlying struc-
ture generating the variety and complexity seen in the
standard model.
We here propose a view that spontaneous violation of
Lorentz symmetry may be the direct origin of the variety
and complexity of fermions and forces.
The view is based on the investigation of spontaneous
Lorentz violation (SLV) in a model, the structure of
which is very similar to the standard electro-weak the-
ory. According to this model, fermion masses are gen-
erated by the breakdown of Lorentz symmetry. In this
sense, the magnitude of Lorentz violation is of the order
of fermion masses.
Customarily, such a “large” violation of Lorentz invari-
ance is considered irrelevant for a description of standard
elementary particle physics due to the severe constraints
on Lorentz violation by experimental observations. For
this reason, Lorentz violation is usually discussed in con-
junction with Planck-scale physics in order to suppress
such disastrous effects by the inverse powers of the Planck
mass [1–4]. Accordingly, a grand unified model associ-
ated with a large Lorentz violation would be received
with suspicion, since such a model would significantly
break every fundamental law of physics. However, we
show here that this could be simply an erroneous im-
pression.
The unified picture of fermions presented here is
based on a model showing a particular type of spon-
taneous Lorentz violation in which an appropriate local
phase transformation can eliminate the resultant Lorentz
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breaking term in the effective field theory. This implies
that the Lorentz violation at the Lagrangian level should
be distinguished from that at the observation level, and
that the magnitude of observational Lorentz violation
is not necessarily of the same order as that of Lorentz-
violating terms in the Lagrangian.
Actually, we can see that even a simple redefinition
of field in a Lorentz-invariant theory can mimic Lorentz
violation. In this case the magnitude of the Lorentz-
violating parameter becomes almost indifferent to the
observational magnitude of Lorentz violation.
On the other hand, since the field redefinition modifies
the particle picture of quantum fields, this is not com-
pletely unphysical. This type of Lorentz violation could
therefore be relevant even for the electro-weak scale phe-
nomena.
Further examinations on the model suggest the pos-
sibility that SLV may again generate an effective field
theory equivalent to a Lorentz-invariant one.
Besides Lorentz violation, another remarkable feature
of the model is the generation of quasi-fermions, the
mass spectrum of which coincides with a leptonic dou-
blet. This observation suggests that the existence of lep-
tons may be a result of SLV. We then extend the result
to quarks to have a unified picture of various fermions in
nature.
Furthermore, since SLV is naturally associated with
massless Nambu-Goldstone vector bosons, we are led to
consider whether these bosons are interpretable as pho-
tons and gluons. We examine this view to find an alterna-
tive explanation of the origin of color degrees of freedom
as well as of quark-gluon confinement.
Though the Lorentz-violating term can be eliminated
by the local phase transformation, it is CPT-violating
and therefore will influence the discussion of the baryon
asymmetry of the Universe. We show that, if this term
is effective, the Lorentz violation magnitude of the pre-
sented model is just of an appropriate order to reproduce
the observed value of the baryon asymmetry.
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2II. A MODEL OF SPONTANEOUS LORENTZ
VIOLATION
We first construct a chiral doublet from left- and right-
handed Weyl spinors:
ψ =
(
ϕL
iσ2ϕ
∗
R
)
, (1)
where iσ2ϕ
∗
R is the charge conjugate of a right-handed
Weyl spinor. This choice of a left-handed doublet is not
essential for the argument in this section, though it has
significance for the argument of baryon asymmetry.
The dynamics of the doublet is specified by the La-
grangian
L = ψ†σ¯µi∂µψ−jµ ·Aµ− 1
4
F µν ·Fµν+ 1
2
m2AA
µ ·Aµ, (2)
where σ¯µ = (1,−σ), and ρa/2 are the SU(2) generators
[28]. F µν is the field strength of SU(2) gauge potentials
and
jµ = gψ†σ¯µ
ρ
2
ψ (3)
expresses the SU(2) current. The mass term of vec-
tor bosons has been implicitly supposed to be generated
spontaneously [29].
Ordinarily, perturbation theory divides L into a free
part L0 and an interaction part L1, where
L0 = ψ†σ¯µi∂µψ − 14 (∂µAν − ∂νAµ) · (∂µAν − ∂νAµ)
+ 12m
2
AA
µ ·Aµ,
L1 = −jµ ·Aµ + g∂µAν · (Aµ ×Aν)
−g
2
4
(Aµ ×Aν) · (Aµ ×Aν).
(4)
This division is conventional and we may divide L into
L′0 and L′1, where
L′0 = L0 − ψ†M¯Lψ, L′1 = L1 + ψ†M¯Lψ, (5)
analogously to the renormalization method by counter
terms. We show that the self-consistency equation for
the fermion self-energy has a non-trivial solution when
M¯L =
m
2
ρ · σ. (6)
[30] If the dynamics of quasi-fermions is governed by the
free Lagrangian L′0, the current jµ develops the vacuum
expectation value (VEV)
〈jµa 〉 = −
∫
d4p
(2pi)4
Tr
(
gσ¯µ
ρa
2
i
σ¯ · p− M¯L
)
' mgk1
2
δµa ,
(7)
[31] where the Lorentz scalar
k1 =
∫
d4p
(2pi)4
i
p2 + i
(8)
is a quadratically divergent integral that can be esti-
mated as Λ2/(8pi2) in terms of the 3-momentum cut-off
Λ. We have estimated (7) by expanding it with respect
to M¯L.
The self-energy is calculated as follows. The Feyn-
man diagram method represents 〈jµa 〉 as a tadpole graph,
which would be quadratically divergent. Loop diagrams
other than tadpoles contribute to the self-energy at most
logarithmically divergent quantities, which are compar-
atively negligible. Contributions from self-interactions
will effectively survive when the 4-point vertex couples
to three tadpoles. Since a tadpole carries no momen-
tum, the contribution from the 3-point vertex coupled to
two tadpoles will vanish. Taking into account the above
considerations, we have the self-energy Σ:
gσ¯µ
ρ
2
·
[ 〈jµ〉
m2A
+
g2
m2A
〈jν〉
m2A
×
( 〈jµ〉
m2A
× 〈jν〉
m2A
)]
− M¯L = 0.
(9)
The inversion of (9) under the assumption g〈jµ〉/m3A  1
gives
g〈jµa 〉 = m(m2A + 2m2)δµa . (10)
Combining (10) with (7), we have
g2
2
k1 = m
2
A + 2m
2, (11)
or
m = mA
√
(Λ/Λc)2 − 1
2
, (12)
where Λc = 4pimA/g. If mA is identified with the aver-
aged weak boson mass,
√
(2m2W +m
2
Z)/3 ' 84 GeV and
g with the weak coupling constant g ' 0.6315, we have
Λc ' 1.67 TeV, which is the fundamental scale of energy
in our model. A comparison of the mass parameter m
with the observed masses of leptons and quarks reveals
that the value Λ/Λc is extremely close to 1 in general:
Λ/Λc − 1 = 10−11 ∼ 10−4 for leptonic doublets. Only
the quark doublet of the third generation is exceptional,
for which mtop/mA ∼ 2.05 and Λtop ∼ 3.06Λc.
The gauge potential Aµ also develops a vacuum expec-
tation value through the first- and higher-order pertur-
bation corrections. The same approximation gives
〈Aµ〉 = 〈j
µ〉
m2A
+
g2
m2A
· 〈jν〉
m2A
×
( 〈jµ〉
m2A
× 〈j
ν〉
m2A
)
. (13)
Comparing (9) with (13), we see that
M¯L = gσ¯
µρ
2
· 〈Aµ〉, (14)
which proves that the vacuum expectation values of the
SU(2) gauge potentials generate the mass matrix [32].
Incidentally, we may approximately invert (13) in the
following form
〈jµ〉 = m2A〈Aµ〉 − g2〈Aν〉 × (〈Aµ〉 × 〈Aν〉) , (15)
3which is rather an exact relation and nothing but the
vacuum expectation value of the equations of motion for
SU(2) gauge potentials:
〈∇νF νµ +m2AAµ − jµ〉 = 0. (16)
We can further show that the vacuum |Ω〉 with 〈jµa 〉 6= 0
and 〈Aµa〉 6= 0 is energetically more favorable than the
normal one |0〉 with 〈jµa 〉 = 〈Aµa〉 = 0. Actually, the
equations of motion reduce the vacuum expectation value
of the energy density 〈T 00〉 in the form
〈ψ†(iσ · ∇+ M¯L/2)ψ〉 − g
2
4 〈(Aµ ×Aν) · (Aµ ×Aν)〉
= −
∫
d4p
(2pi)4
iTr
[
(−σ · p+ M¯L/2)(σ¯ · p− M¯L)−1
]
−3m
4
2g2
,
(17)
from which we find
〈: T 00 :〉 ' −m4
[
ln(2Λ/m)− 3/4
16pi2
+
3
2g2
]
< 0, (18)
where
〈: Tµν :〉 = 〈Ω|Tµν |Ω〉 − 〈0|Tµν |0〉. (19)
Thus the vacuum |Ω〉 is the true ground state of the sys-
tem.
It may be worth mentioning that the VEV of the
energy-momentum tensor 〈: Tµν :〉 does not contribute
to the source of gravity, viewed from the point of view of
an observer on the true vacuum |Ω〉, since what is phys-
ically observable is only the deviation from the vacuum.
One may wonder why the clear evidence of SLV has
remained unnoticed for so long a time, though the model
belongs to a type with which we are well acquainted. This
possibility requires the acceptance of the cut-off Λ as the
fundamental scale of energy. For example, in numerical
simulations, Λ corresponds to the inverse of the lattice
spacing a. However, in renormalizable theories, reliable
results are expected to be obtained by an extrapolation:
a→ 0. Then the results depending sensitively on a vari-
ation of a would be regarded as unphysical. Therefore,
it would not be surprising if this type of solution should
drop out of a researcher’s view.
III. LEPTONS AND QUARKS
We examine the properties of the quasi-fermions ob-
tained in the previous section, which are characterized
by the free Lagrangian L′0. The equation of motion dic-
tates 4-momentum pµ to satisfy
|σ¯ · p− M¯L| =
(
p2 − m
2
4
)2
−m2(p0 − m
2
)2 = 0, (20)
from which we have four solutions
p0 = ±ω − m
2
, ±|p|+ m
2
, (21)
where ω =
√
p2 +m2. A solution with the negative
branch of the square root corresponds to the particle en-
ergy spectrum unbounded below. The possible instability
of the vacuum is avoided by adapting the hole interpre-
tation to this solution. Then we have dispersion relations
for quasi-fermions and quasi-anti-fermions
p0 = ω ∓ m
2
, |p| ± m
2
, (22)
where the lower sign corresponds to a quasi-anti-fermion.
The deviation from the ordinary dispersion law is char-
acterized by the extra potential terms ±m/2. If they are
absent, the quasi-fermion doublet will be identifiable as
an ordinary leptonic doublet.
The effective field theory reproducing the same disper-
sion relations is constructible as follows:
Leff = ν¯+γµ(i∂µ−aµ)ν+ + e¯−[γµ(i∂µ+aµ)−m]e−, (23)
where aµ = (m/2,0). [33] We here recognize that the
extra potential term aµ is Lorentz- and CPT-violating.
However, the constant vector potential is eliminable by
the local phase transformations
ν = e+ia·xν+, e = e−ia·xe−. (24)
In this sense, the quasi-fermions are equivalent to ordi-
nary neutrinos and electrons.
It is worth noting that the quasi-electron mass origi-
nates from the spontaneous Lorentz violation of a chiral
model. Since the construction of the mass term in the
effective field theory needs both left- and right-handed
spinors, this implies that the right-handed quasi-electron
is generated by only the left-handed primary fermions,
which seems impossible in the case of spontaneous break-
ing of gauge (non space-time) symmetries. This phe-
nomenon is understood by the concept that the vacuum
provides the requisite spin to the quasi-electron.
In contrast to ordinary spontaneous symmetry break-
ing, the vacuum |Ω〉 has a vectorial nature. To see
this, we denote the annihilation operators of the primary
fermions and anti-fermions with momentum p by apL and
bpR for the upper component of ψ, and by bpL and apR
for the lower component. Then, by expanding the opera-
tor ψ in terms of both the primary and the quasi-fermion
basis we find the relations{
ep = λ+php + λ−ph¯
†
−p,
νp = sin
θ
2apL + cos
θ
2e
−iφbpL,{
e¯†−p = λ−php − λ+ph¯†−p,
ν¯†−p = cos
θ
2e
iφb†−pR + sin
θ
2a
†
−pR,
(25)
where
λ±p =
1
2
(√
1 +
m
ω
±
√
1− m
ω
)
. (26)
The subsidiary operators hp and h¯
†
−p are defined by{
hp = cos
θ
2apL + sin
θ
2e
−iφbpL,
h¯†−p = − sin θ2eiφb†−pR + cos θ2a†−pR,
(27)
4where (θ, φ) are the polar coordinates of momentum p.
Then |Ω〉 is expressible in the form
|Ω〉 =
∏
p
[
λ+p + λ−p(hph¯−p)†
] |0〉, (28)
which satisfies (e, e¯, ν, ν¯)|Ω〉 = 0. We find from (28) that
the vacuum is composed of vectorial Cooper pairs with
spin 1 as expected, which contrasts with the NJL [6, 7]
and BCS [8] theories constructed on the scalar Cooper
pairs.
A left-handed spinor multiplied by a global vector field
A¯ϕL transforms as a right-handed one, where A¯ = σ¯
µAµ.
However, in order that A¯ϕL acquires independent dy-
namical degrees of freedom, Aµ should be a zero mode of
some dynamical vector field.
On the other hand, if all the right-handed quasi-
fermions, including quasi-quarks discussed presently, are
generated by coupling to some zero momentum vector
boson, this boson should not be coupled with quasi-
neutrinos. Considering that all the massive fermions
in nature have electric charges, whereas massless neu-
trinos have no electric charge, the property of the re-
quired vector boson appears to coincide with that of a
photon. Then it is expected that the model should dy-
namically generate electromagnetic-type interactions. A
further discussion on this point is given in the following
section.
We next examine whether the above results are ex-
tensible also to quarks. We therefore consider the mass
matrix of the general form
M¯ = σ¯µ
ρa
2
maµ. (29)
Three constant 4-vectors ma
µ constitute the core of the
mass matrix. We further assume that all the time-
components of ma
µ are equal to zero: ma
µ = (0,ma).
Then the core forms a parallelepiped in 3D space. The
dynamics of free quasi-fermions is determined by the La-
grangian
Lψ = ψ†(σ¯µi∂µ − M¯)ψ. (30)
The equation of motion dictates the four-momentum pµ
to satisfy
0 = |σ¯ · p− M¯ |
=
(
p20 − p2 − 34 l2m
)2 − 4µ2p2 + p0Vm − 34S2m, (31)
where
µ2 =
∑
a(ep ·ma)2/4, l2m =
∑
am
2
a/3,
S2m =
∑
ab(ma ×mb)2/6, Vm = m1 · (m2 ×m3).
(32)
The unit vector ep is parallel to the momentum p: ep =
p/|p|. The geometrical meanings of lm, Sm, and |Vm| are
the root mean squares of edges, faces, and the volume of
the core, respectively. We also note that the dispersion
relation (31) is invariant under an SU(2) transformation
of the mass matrix:
|σ¯ · p− M¯ ′| = |U(σ¯ · p− M¯)U−1| = |σ¯ · p− M¯ | = 0. (33)
Four solutions of Eq.(31) have the asymptotic forms
p0 =
 ±
√
p2 +m2+ − µ
±
√
p2 +m2− + µ
+O(1/p2), (34)
where
m2± =
1
4
(
3l2m − 4µ2 ±
Vm
µ
)
. (35)
The positivity of m2± is immediately verified if the rota-
tional invariance of the expression (35) is taken into ac-
count. Then the same argument on the negative square
root solutions gives, for quasi-fermions and quasi-anti-
fermions, the dispersion relations
p0 =

√
p2 +m2+ ∓ µ√
p2 +m2− ± µ
+O(1/p2), (36)
The extra energy µ corresponds to the term m/2 for
quasi-leptons. We may call it the Fermi potential in gen-
eral, since it suggests a correspondence with the Fermi
energy or the chemical potential.
The potential term and the quasi-fermion masses are
generally not constant but depend on the direction of mo-
tion. The averaged potential µ¯ and the averaged masses
m¯± satisfy the relations
|µ¯| = lm
2
, m¯± = 2µ¯
√
1± γ3
2
, (37)
or
|µ¯| =
√
m¯2+ + m¯
2−
2
, γ =
(
m¯2+ − m¯2−
m¯2+ + m¯
2−
)1/3
, (38)
where we have introduced the quantity γ = 3
√
Vm/lm,
which characterizes how close the core comes to a cubic
form. The Fermi potential and masses become constant
only when three mass vectors are orthogonal and have the
same length: ma = m
′e′a with e
′
a · e′b = δab, which is the
same thing, when the core becomes a cube. In this case,
the mass matrix reduces to the leptonic form M¯L by an
appropriate SU(2) transformation. The mass parameters
m and m′ differ only by sign: m′/m = e′1 ·(e′2×e′3). Then
Eq.(31) has exact solutions (21).
In contrast to the leptonic case, quasi-fermions with a
mass matrix of non-cubic type are not solutions to the
self-consistency equation (9), or (15) combined with (7),
at least in the same order of approximation. However,
even if quasi-fermions of this type are regarded as quarks,
anisotropy would not immediately contradict the obser-
vations, since quarks are permanently confined in bound
states.
5If the anisotropic quasi-fermions are also allowable as
solutions for the self-consistency equation, they would
imply spontaneous breaking of spacial symmetry. Then
interactions mediated by Nambu-Goldstone bosons as-
sociated with the breakdown of rotational symmetry
will emerge. Accordingly, anisotropic quasi-fermions will
have other interactions than those which quasi-leptons
have. We will clarify the nature of this new interaction
and the relationship to the strong interactions in the next
section to find that the anisotropic quasi-fermions are
well qualified to be regarded as quarks.
As a result, the model leads us to regard leptons and
quarks observed in nature as members of quasi-fermion
doublets. In this view the quantity γ will serve to char-
acterize various weak doublets. Three generations of lep-
tonic doublets have γ = 1, while the quark doublets have
γ =0.8434, 0.9958, and 0.9996 for the first, second, and
third generations, where mu : md = 1 : 2 is assumed
for the first generation. It is clear that γ is very close
to 1 for all the quark and leptonic doublets, except for
the quark doublet of the first generation. In particular,
γ for a quark doublet approaches the value of 1 more
closely with higher generations. Taking into account the
asymptotic freeness, this tendency is consistent with the
view that the absence of a massless component in a quark
doublet may be due to the effects of strong interactions.
Incidentally, the reversal of the signs of three mass vec-
tors reveres the sign of Vm. This operation is equivalent
to reversing the sign of µ in (36). For a cubic core, this
implies to a change in the sign of m. Quasi-fermions with
the same masses but opposite Fermi potentials may be
called reciprocal fermions, which exist on another vac-
uum distinct from the original.
IV. PHOTONS AND GLUONS
Compared with the standard theory, the model pre-
sented in Sect.II, which consists of a chiral doublet in-
teracting only with massive SU(2) gauge bosons, seems
to lack electromagnetic and strong interactions. More-
over, due to chiral gauge anomaly, it appears difficult
to incorporate U(1) and SU(3) gauge interactions with
a chiral model. However, the spontaneous breakdown
of global SU(2) and Lorentz symmetries are expected to
generate massless bosons [9]. We presently show that
these bosons are vector mesons. Then the question arises
of whether photons and gluons can be interpreted as
Nambu-Goldstone vector mesons.
We first consider the case of spontaneous generation
of a quasi-leptonic doublet to see that the NG bosons in
this case are vector bosons.
In the historical papers on spontaneous chiral symme-
try breaking [6, 7], the dynamical generation of a massless
meson is proven by calculating the meson propagator in
the ladder approximation, which consists of a chain of
vacuum polarization diagrams. The corresponding cal-
culation in our case is similar to that of the vacuum po-
FIG. 1: (a) The NJL meson propagator ;(b) the relation be-
tween tadpoles and VEVs of gauge potentials ;(c) a vertex
correction contributing to the conservation of SU(2) currents.
larization correction of the massive SU(2) gauge boson
propagator. If we assume the vanishing quasi-electron
mass for simplicity, the vacuum polarization with zero
momentum transfer Πµνab (0) is given by∫
d4p
(2pi)4
iTr
(
gσ¯µ
ρa
2
1
σ¯ · pgσ¯
ν ρb
2
1
σ¯ · p
)
= −g
2k1
2
gµνδab,
(39)
from which we find for the meson mass squared m2γ
m2γ = m
2
A − g2k1/2 = 0, (40)
owing to the relation (11) with m = 0. This result sug-
gests the emergence of a triplet of massless vector mesons.
Though the vanishment of mass is an approximate result,
it will be rigorously proved by an argument analogous to
the Goldstone theorem [9].
On the other hand, the Noether current for SU(2) sym-
metry satisfying ∂µJ
µ=0 is given by
Jµ = jµ + g∂µAν ×Aν + g2Aν × (Aµ ×Aν), (41)
in the Feynman gauge. If the matrix element of the cur-
rent is expressed by
〈p′|Jµa (x)|p〉 = gψ†p′(σ¯µ
ρa
2
+ Λµa)ψpe
iqx, (42)
the current conservation reads
qµΛ
µ
a = [
ρa
2
, M¯L]. (43)
Then we find for the longitudinal part
Λµa(l) = igabc
qµ
q2
〈Aνb〉σ¯ν ρc
2
, (44)
which again shows the emergence of massless bosons. We
find that these bosons are identical to the massless vec-
tor mesons appearing in (40). Actually, the term Λµa is
supplied by the vertex correction shown in Fig.1(c):
Λµa(1c) = igabcq
µgρσ〈Aρc〉(
−i
q2
)(−igσ¯σ ρb
2
), (45)
6from which we have Eq. (44). The sub diagrams in Fig.
1(c) are defined by Fig. 1(a) and Fig. 1(b). The mass-
less vector mesons coupled with the conserved abelian
currents are well qualified to be regarded as photons,
provided that they are a single current, not a triplet of
currents. We here call them quasi-photons.
In the previous section, we have argued that, in order
for a chiral fermion to have mass, it needs to absorb a
photon-like vector boson. We imagine here that it would
be a phenomenon like the Higgs mechanism. Then, it is
understandable that the masses of a quasi-fermion dou-
blet require plural photon-like vector fields. On the other
hand, the nature of quasi-fermions is SU(2) invariant in
the sense of Eq.(33), from which we also understand that
the triplet of quasi-photons will exert degenerate actions
on quasi-fermions.
However, if quasi-photons have electromagnetic-type
interactions they should decouple from quasi-neutrinos
in order not to make them massive. The following shows
that this is the case.
We begin with a formal proof of the emergence of mass-
less bosons by spontaneous symmetry breaking in a form
suitable even for space-time symmetries. Suppose that
the symmetry of a system is linearly generated by the
Hermitian operator G including all the transformation
parameters, and that the vacuum breaks the symmetry:
G|Ω〉 6= 0. Furthermore, the vacuum |Ω〉 is assumed
to be an eigenstate of the 4-momentum operator Pµ:
Pµ|Ωη〉 = ηµ|Ωη〉, where ηµ is a constant 4-vector. Then,
due to Lorentz symmetry, G and Pµ will have the follow-
ing commutation relation
[G,Pµ] = −iωµνP ν , (46)
where ωµν is a constant anti-symmetric tensor. If G is a
pure gauge generator, then ωµν = 0.
Taking a matrix element of the relation (46) between
two distinct vacua, we find
(ηµ − η′µ)〈Ωη′ |G|Ωη〉 = −iωµνηνδ4(η − η′), (47)
from which follows
〈Ωη′ |G|Ωη〉 = −iωµνηµ ∂
∂ην
δ4(η − η′). (48)
In particular, we have
〈Ωη|G|Ωη〉 = 0, (49)
for η′ = η. Then
|g〉 = G|Ωη〉√〈Ωη|G2|Ωη〉 6= 0 (50)
is viewed as a particle state orthonormal to the vacuum.
The calculation of the 4-momentum of the g-boson gives
pµ = 〈g|Pµ|g〉 − ηµ
= 〈([G,Pµ] + PµG)G〉/〈G2〉 − ηµ
= (−iωµνην〈G〉+ ηµ〈G2〉)/〈G2〉 − ηµ
= 0,
(51)
which shows that |g〉 is a state of a massless boson with
zero momentum.
In the case of the global SU(2) and the spacial rotations
the mass vectors ma and the mass matrix M¯ deform as
SU(2) : δωma = abcωbmc, δωM¯ = abc
ρa
2 ωbσ ·mc,
SO(3) : δθma = θ ×ma, δθM¯ = ρa2 σ · (θ ×ma).
(52)
Under a variation δM¯ , the vacuum suffers a change ac-
cording to
δqi|Ω〉+ qiδ|Ω〉 = 0, (53)
where qi are annihilation operators of quasi-fermions. We
find that δ|Ω〉 has the following form
δ|Ω〉 = iG|Ω〉, (54)
G =
∑
p
[
ic∗13pq1pq¯1−p + ic
∗
14pq1pq¯2−p
+ic∗23pq2pq¯1−p + ic
∗
24pq2pq¯2−p
]
+ h.c., (55)
where the coefficients cijp are given by
cijp =
1
ωip − ωjpψ
†
ipδM¯ψjp (i 6= j). (56)
Wave functions ψip are specified by the mode expansion
of the operator ψ:
ψ(x) =
∑
ip
fipψip
1√
V
eip·x−iωipt, (57)
where fip = (q1p, q2p, q¯
†
1−p, q¯
†
2−p). From the constitution
of G in (55), we see that the g-boson is a vector meson,
since q1 and q2 are left-handed, while q¯1 and q¯2 are right-
handed.
Incidentally, the true number of independent NG
bosons does not reflect the number of broken generators,
since the proof concerns only NG bosons with momen-
tum zero. Actually, we have seen that the breakdown of
the global SU(2) symmetry generates a triplet of massless
vector mesons, which have six degrees of freedom, while
in the above argument there seem to appear only three
independent modes.
In the case of a quasi-leptonic doublet, q1 = e, q2 = ν,
and ma = mea, the spacial rotations degenerate into the
SU(2) transformations
SU(2) : δωM¯ = −m2 ω · ρ× σ,
SO(3) : δθM¯ =
m
2 θ · ρ× σ.
(58)
This reduction of independent modes of deformation δM¯
reflects the decoupling of the strong interactions from
quasi-leptons, as discussed presently. The free wave func-
tions ψip appearing in (57) are explicitly given by
p0 = ω −m/2 : ψ1p = λ+χRϕL + λ−χLϕR,
p0 = |p|+m/2 : ψ2p = χLϕL,
p0 = −ω −m/2 : ψ3p = λ+χLϕR − λ−χRϕL,
p0 = −|p|+m/2 : ψ4p = χRϕR,
(59)
7where ϕR and ϕL are 2-spinors, while χR and χL are
SU(2) doublets:
ϕR =
(
cos(θ/2)
sin(θ/2)eiφ
)
, ϕL =
( − sin(θ/2)e−iφ
cos(θ/2)
)
,
χR =
[
1 cos(θ/2)
1 sin(θ/2)eiφ
]
, χL =
[ −1 sin(θ/2)e−iφ
1 cos(θ/2)
]
.
(60)
The calculation using (59) immediately shows that
c24p = 0 in (55) for the global SU(2) transformations
as well as the spacial rotations, which demonstrates that
neutral components of NG mesons decouple from quasi-
neutrinos. This shows that some of the quasi-photons
mediate electromagnetic type interactions.
We now return to the strong interactions. A question
arises naturally of whether the above results are exten-
sible for quasi-quarks to demonstrate the emergence of
gluons.
As has been observed in Sect.III, quasi-quarks reveal
mass anisotropy. If the quasi-quarks can be generated
spontaneously, then their anisotropies testify to the vio-
lation of the rotational invariance of the vacuum. In this
case, the vacuum state |Ω〉 can be decomposed into the
spherical harmonics
|Ω〉 =
∑
lm
clm|Ωlm〉. (61)
Then a quasi-fermion state |q〉 = q†|Ω〉 and a quasi-
photon state |ga〉 = g†a|Ω〉 will split into three states
|qi〉 = q†|Ωi〉, |gai〉 = g†a|Ωi〉, (62)
where the vacua |Ωi〉 are taken as the fundamental rep-
resentation of SO(3). As a result, the number of quasi-
quark states and the quasi-photon states are multiplied
by three, which will correspond to the color degrees of
freedom. Then the nine massless vector mesons can be
viewed as being analogous to gluons and photons.
On the other hand, Lorentz invariance will not allow
the anisotropic nature of elementary particles. In the
case of SLV the anisotropy comes only from that of the
vacuum. For l = 1, the cancellation of anisotropy will
be accomplished by the product representations forming
rotational invariants. This is implemented by a quasi-
meson state, e.g.
|ud¯〉 =
∑
i
u†|Ωi〉 ⊗ d¯†|Ωi〉, (63)
or by a quasi-baryon state, e.g.
|uds〉 =
∑
ijk
ijku
†|Ωi〉 ⊗ d†|Ωj〉 ⊗ s†|Ωk〉. (64)
Then the anisotropy of quasi-quarks will not be observ-
able in meson and baryon states. Thus we come to an
alternative understanding of quark as well as gluon con-
finements, since quasi-quarks and quasi-gluons emerge
only on the anisotropic vacua.
The leptonic vacuum also transforms under spacial ro-
tations. However, in this case a spacial rotation can
be canceled by an appropriate SU(2) transformation, as
seen from (58). In addition, the quasi-leptons have an
isotropic nature. Consequently, we can effectively regard
the leptonic vacuum as isotropic.
According to the new understanding, the vacuum can
also have states with l = 2. The rotational invariance
will be realized by a bound state made up of five quasi-
quarks, which seems to have some connection with a state
of penta-quark baryons [10–13].
V. LORENTZ INVARIANCE OF THE
EMERGENT THEORY
As a general argument, spontaneous Lorentz violation
does not break the equations of motion, the conservation
laws, or the Lorentz covariance of physical quantities at
the operator level. We here mean Lorentz transforma-
tions as those for an observer. This is also true for the
expectation value of a physical quantity if the state vec-
tor is still prepared in the fiducial frame. For example,
the VEV of a 4-momentum transforms as
p′µ = 〈Pˆ ′µ〉 = 〈Λµν Pˆ ν〉 = Λµνpν . (65)
As a result, the properties of Lorentz contraction and
the time dilation still hold as ever. Furthermore, the con-
stancy of light velocity will not be altered, since, if p2 = 0
in the fiducial frame, then p′2 = 0 in another Lorentz
frame too, which is in accordance with the Michelson-
Morley experiment.
The effect of Lorentz violation appears for the free
part of the Lagrangian in the dispersion relations. The
dispersion relations of the quasi-fermions differ consid-
erably from ordinary ones in two respects: one is the
existence of an additional potential term and the other
is the anisotropy appearing in the case of quasi-quarks.
We have already seen that the extra potential term is
eliminable in the effective theory by the local phase trans-
formation. Consequently, the effect of Lorentz violation
is removable for quasi-leptons.
Concerning quasi-quarks, the anisotropy should van-
ish for the configuration of the vacua that cancel their
anisotropy. Accordingly, the quasi-quarks confined in
meson or baryon states will allow an isotropic represen-
tation in the effective field theory. In this case, if the av-
eraged masses and the potentials are assigned to quasi-
quarks in the isotropic representation, then their effec-
tive free Lagrangian will be transformed into a Lorentz-
invariant form by appropriate local phase transforma-
tions.
In this sense, the effective free Lagrangian for quasi-
leptons and quasi-quarks will become equivalent to the
Lorentz-invariant one.
We next consider the Lorentz invariance of the inter-
actions. We have already seen that, from massive SU(2)
8interactions, SLV generates quasi-photons and quasi-
gluons, which mediate forces analogous to the electro-
magnetic and strong interactions.
Lorentz invariance with respect to the interactions is
viewed as realized in a form incorporating the primary
and secondary interactions, since the secondary interac-
tions emerge in order to play the role of maintaining, at
the level of matrix elements, the Lorentz-invariant con-
servation laws of the primary interactions currents.
In this sense, it is expected that SLV does not really
break Lorentz invariance, but simply changes the repre-
sentation of Lorentz invariance in terms of particles and
forces.
We then reach an inference that the effective theory
generated by spontaneous Lorentz violation can be still
equivalent to the Lorentz-invariant one. In this case, the
magnitude of Lorentz-violating parameters appearing in
the effective theory will not be directly constrained by
the observational Lorentz invariance. We do not pursue
further the examination of the Lorentz invariance of the
effective theory here. More detailed arguments are given
in a subsequent paper [14].
VI. MATTER-ANTIMATTER ASYMMETRY
Our construction of a unified model of fermions satis-
fies the requirements for baryon and lepton asymmetries
in cosmology.
The baryon-number-violating interaction constitutes
the first of Sakhalov’s criteria [15], which are thought to
be inevitable for baryon asymmetry[16–18]. The model
presented in Sect.II breaks the primary fermion number
Fp = L + R, but conserves the quasi-fermion number
Fq = L−R, which is analogous to the baryon minus lep-
ton number B − L in the SU(5) model[19]. As a result,
our scheme replaces the baryon number violation with
the primary fermion number violation, which is rather
favorable in view of the stability of baryons.
In addition to the fermion-number-violating interac-
tion, the Sakhalov’s criteria demand CP violations. The
spontaneous Lorentz violation also serves in this respect.
As seen in Sect.III, the vacuum expectation values of
SU(2) gauge potentials provide not only masses for quasi-
fermions, but also large CPT-violating Fermi potentials.
The Sakhalov’s last criterion, the existence of thermal-
non-equilibrium, is also naturally provided by the phase
transition from primary to quasi-fermions.
As an examination on this subject, we consider a pri-
mordial quasi-fermion doublet created during the phase
transition, which would transmute into a quasi-quark
doublet and a quasi-leptonic doublet with branching ra-
tios r and 1 − r, respectively. The number density nq
of the quasi-fermion with chemical potential µ and mass
mq at finite temperature β
−1 is given by
nq = 2
∫
d3p
(2pi)3
(
1
eβ(ω−µ) + 1
− 1
eβ(ω+µ) + 1
)
' µβ
3β3
[
1 + (
β
pi
)2(µ2 − 3
2
m2q)
]
,
(66)
approximately for µβ  1 and mqβ  1, where we have
taken into account the state of the right-handed quasi-
fermion, which would be created by quasi-photons, as an
independent degree of freedom. The quasi-fermion asym-
metry ηq is defined by nq/nγ , where nγ = 2ζ(3)/(pi
2β3)
is the number density of photons. Then the primor-
dial “up” and “down” quasi-quark asymmetries η±,
the charged quasi-lepton asymmetry η′l and the quasi-
neutrino asymmetry η′ν generated at the critical temper-
ature β−1c are given by
η+ = − pi
2
6ζ(3)
µβcr
[
1− (µβc
pi
)2(2 + 3γ3)
]
,
η− =
pi2
6ζ(3)
µβcr
[
1− (µβc
pi
)2(2− 3γ3)
]
,
η′l = −
pi2
6ζ(3)
µβc(1− r)
[
1− 5(µβc
pi
)2
]
,
η′ν =
pi2
6ζ(3)
µβc(1− r)
[
1 + (
µβc
pi
)2
]
,
(67)
where we have used the second relation in (37) and as-
sumed that the Fermi potentials are common for the pri-
mordial quasi-quark doublet and the primordial quasi-
leptonic doublet: µ¯q = µl = µ. [34] The sign of the
Fermi potential has been determined so that the sign of
the resultant baryon asymmetry becomes positive.
The branching ratio r may be obtained by requiring
the charge neutrality of emergent fermions:
2
3
η+ − 1
3
η− − η′l = 0, (68)
which is approximately guaranteed by
r ' 1
2
− (µβc
2pi
)2(3− γ3). (69)
Then we have the baryon asymmetry
ηb = (η+ + η−)/3 =
(µβcγ)
3
6ζ(3)
. (70)
As the Universe cools down to kT ∼ 100MeV, all the
anti-quarks and anti-leptons would disappear and the re-
maining fermions would be only protons, neutrons, elec-
trons, and neutrinos. The electron asymmetry ηe and
the neutrino asymmetry ην , which includes all types of
neutrinos, are determined at this epoch by conservations
of the electric charge and the lepton number:
ηe =
ηb
1 + ξ
, ην = (
3
γ3
− 1
1 + ξ
)ηb, (71)
where ξ is the n/p ratio.
9We take the temperature of the electro-weak phase
transition as the critical temperature Tc. In the standard
model where the masses of weak bosons are assumed to
originate from the VEV of a Higgs doublet Φ described
by the Lagrangian
LΦ = DµΦ†DµΦ− λ
4
(Φ†Φ− η2)2, (72)
a rough estimation in which only the first-order pertur-
bation with respect to the term (Φ†Φ)2 is taken into
account gives the finite temperature correction: η2 →
η2 − (kT )2/4. Then we find the weak boson mass
mA(T ) = mA
√
1−
(
T
Tc
)2
, (73)
at temperature T , where
kTc =
√
8mA/g = 376 GeV. (74)
If we further assume for the primordial quasi-quark dou-
blet γ = 1 and equate the mass parameter m with the
mass of the τ lepton, then µ = 888MeV, from which we
have
ηb = 1.826× 10−9. (75)
At temperatures below kT ∼ 1 MeV, e± annihilation is
expected to have increased nγ by 11/4 times [20, 21].
Accordingly, the value of the present baryon asymmetry
will be 4/11 times smaller than the value given by (75),
which equals 6.64×10−10. This value is comparable with
that obtained from observations: ηb = 6.11× 10−10 [22].
VII. FLAVOR MIXINGS
The quasi-fermion picture offers a rather natural basis
for flavor mixings, since all the fundamental fermions are
various collective excitation modes of common primary
fermions. We here consider leptons as an example, and
consider the mixing νg ↔ νg′ , where g = (e, µ, τ). Then
〈νg′ |νg〉 = 〈Ωg′ |νg′ν†g |Ωg〉 = 〈Ωg′ |Ωg〉, (76)
since the relations (25) show that all the νg operators are
the same. From the asymptotic behaviors
λ+gp ∼ 1−
m2g
8p2
, λ−gp ∼ mg
2|p| , (77)
we find
〈Ωg′ |Ωg〉 '
∏
p
[
1− (∆m)
2
8p2
]
' exp
[
−V (∆m)
2Λ
16pi3
]
,
(78)
where ∆m = mg′ −mg.
Conventionally, the neutrino oscillations are explained
by postulating neutrino mixings and small masses of neu-
trinos. There are arguments that Lorentz violation could
be the origin of the phenomenon, though without spec-
ifying the underlying theory that generates the effective
Hamiltonian [23–27]. An alternative explanation based
on the intrinsic nature of quasi-neutrinos is given in a
subsequent paper [14].
VIII. THE NUMBER OF GENERATIONS
The unified picture of fermions also provides sugges-
tions on the number of generations.
As shown in Sect. IV, the ladder approximation of NG
meson propagators is based on the vacuum polarization
diagram and shows the existence of the massless vector
mesons interpreted as quasi-photons. Inversely, if gluons
have an analogous origin, the mass of quasi-gluons will
be calculable by similar diagrams to the vacuum polar-
ization of SU(3) Yang-Mills gauge bosons, which in turn
depends on the number of quasi-quark triplets.
In the case of SU(N) Yang-Mills theory, the one-loop
approximation gives the vacuum polarization
ΠN (0) =
g2
2
k1[−9
2
N +
1
2
N + 6N − FN ] +O(g4)
=
g2
2
k1[2N − FN ] +O(g4),
(79)
for N ≥ 2, where ΠNµνab (q) = δab(gµν − qµqν/q2)ΠN (q),
and FN is the number of N -plets of chiral fermions. The
first term −9N/2 in the upper parentheses is a contribu-
tion from the gauge boson loop made up of two 3-point
vertices, N/2 from the ghost loop and 6N from the loop
made by the 4-point vertex. These values are obtained
in the Feynman gauge. The Landau gauge gives for each
−3N , N/2 and 9N/2, respectively, though the total is
the same as in the Feynman gauge.
In the Yang-Mills theory the dimensional regulariza-
tion estimates k1 as zero, which implies that ΠN (0) is
irrelevant for the correction of Yang-Mills gauge boson
propagator. However, ΠN (0) is the essential part for the
meson propagator.
Gluons correspond to N = 3. Massless quasi-gluons
require F3 = 6, namely 6 chiral flavors, or six quasi-
quarks, which suggests that the number of generations is
three.
We have supposed in our model that the mass of SU(2)
gauge bosons is generated spontaneously, presumably by
the Higgs mechanism. If we suppose instead that it could
be generated by the same mechanism as quasi-gluons,
then we see from (79) with N = 2 that weak bosons with
mass squared m2A ' g2k1/2 require F2 = 3, which also
implies three generations for the primary chiral doublets.
IX. SUMMARY AND CONCLUSIONS
The principles and conceptual foundations for a unified
picture of fermions suggested by the spontaneous Lorentz
violation of a chiral SU(2) model are that the primary
10
fermions that would generate leptons and quarks con-
stitute a chiral doublet composed of a left-handed and
the charge-conjugate of a right-handed Weyl spinor, and
that the primary interactions would be SU(2) gauge in-
teractions only. Then spontaneous symmetry breaking
gives rise to weak interactions and induces subsequent
spontaneous violations of the global SU(2) invariance
and rotational symmetry, which will in turn generate
electromagnetic- and strong-type interactions.
The Lorentz- and CPT-violating terms appearing in
dispersion relations of quasi-leptons can be absorbed by
the local phase transformations in the effective field the-
ory. Then the possibility of observing phenomena show-
ing the effect of Lorentz violation is expected to be ex-
tremely rare.
On the other hand, if CPT-violating terms are effec-
tive, they will have significance on the thermal equilib-
rium states of various quasi-fermions and therefore on
the baryon asymmetry of the Universe.
The color degrees of freedom inherent in quarks finds
their origin as the degeneracy of the vacua in rotational
states. According to this interpretation, the Lorentz in-
variance of the effective theory requires that quasi-quarks
and quasi-gluons should be confined in meson and baryon
states.
The observed number of generations are also suggestive
in view of the presented picture; the structure of the
standard theory may originate from SLV.
This paper does not intend to prove that the presented
model induces, after spontaneous Lorentz violation, an
effective theory that is equivalent to the standard model.
Instead, we point out the possibility that, even from a
simple model, spontaneous Lorentz violation generates
an almost Lorentz invariant effective theory possessing
variety and complexity extremely analogous to the stan-
dard model. This observation will shed new light on the
unified theory arguments. If we hypothesize the equiva-
lence. then we obtain as a consequence baryon asymme-
try that coincides well with reality.
A detailed examination of the true properties of the
effective theory emergent from the presented model is in
itself very interesting, but still remains to be done.
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